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Descriptions of the main classical models used to estimate the principal parameters of q-switching sat-
urable absorbers are presented. On the basis of these models comparative analysis of q-switching satu-
rable absorbers was done and the best one chosen. Additionally the impact of the accurate determination
of the input data such as transmission, thickness and refractive index on the principal parameters was
analysed. In order that the results of this analysis are useful not only from theoretical but also from prac-
tical point of view a complete setup for investigation of saturation of absorbers was built and investiga-
tions of three types of q-switching saturable absorbers Cr4+:YAG, V3+:YAG and Co2+:YAG were carried out.
According to the knowledge of the authors the principal parameters of Co2+:YAG saturable absorber at
1.33 lm wavelength are presented herein for the ﬁrst time.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Q-switching saturable absorbers, for the sake of their simplicity,
are one of the principal ways of gain modulation in lasers at wide
range of wavelengths [1–11]. The output characteristics of such la-
sers strongly depend on the principal parameters of saturable
absorbers such as the ground state absorption and the excited state
absorption cross section, the concentration of active ions and the
unsaturable losses [12–14]. Thus to design a laser with desired
temporal and power characteristics of generated pulses these
parameters have to be known with high accuracy. These parame-
ters can vary over wide ranges even for the absorbers characterized
by the same small signal transmission and thickness so they should
be known for each single sample before applying it to a laser [15].
Most of the principal parameters which characterise a particu-
lar q-switching saturable absorber can be determined by measur-
ing its saturation versus the incident energy density or power
density and by applying classical models to ﬁt the measured data.
Many authors estimated these parameters using different modiﬁ-
cations of the models, but the accuracy of the additional parame-
ters that constitute the input data for the approximation was not
thoroughly analysed [1,5,9,16–18]. These parameters are thickness
and refractive index which should be known in advance with
appropriate accuracy. Moreover unsaturable losses can be esti-mated from the absorption spectra in a spectral region close to
but outside the laser wavelength which is more accurate then
determining it from the approximation [19]. Knowing the unsatu-
rated losses in advance and ﬁxing it into the model results in deter-
mination of the remaining principal parameters with higher
accuracy.
Herein short descriptions of the main classical models used to
estimate the principal parameters of q-switching saturable
absorbers are presented. On the basis of these models compara-
tive analysis of q-switching saturable absorbers was done. Addi-
tionally the impact of the accurate determination of values of
the input data such as thickness and refractive index on the
principal parameters was analysed. To make this analysis useful
not only from theoretical but also from practical point of view a
complete setup for investigation of saturation of absorbers was
built and investigations of three types of q-switching saturable
absorbers were carried out. The investigated samples Cr4+:YAG
and V3+:YAG were intentionally chosen to constitute the main
types of absorbers used for gain modulation at 1.06 and
1.33 lm. Moreover Co2+:YAG saturable absorber was investigated
at 1.33 lm supplementing the world literature in this ﬁeld. The
results of the investigations can be used as a reference of the
principal parameters of q-switching saturable absorbers by laser
designers as well as an indication of how accurate the input data
used for analysis should be so as to evaluate the principal
parameters with enough accuracy.
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In the literature three main models can be found which are used
to estimate the principal parameters of q-swiching saturable
absorbers. They are LambertW, Frantz–Nodvik, and Avizonis–Grot-
beck models.
2.1. LambertW (L-W) model
If the investigated saturable absorber is a fast absorber (relaxa-
tion time is much shorter than the pulse duration of the incident
laser beam) and there is no excited state absorption the relation-
ship between transmission and power density of incident radiation
can be described by special function LambertW according to
[20–23]:
T ¼ Is
I
 LambertW T0  IIs  exp
I
Is
  
ð1Þ
where T is the transmission of the absorber, I is the power density of
the incident radiation, T0 is the small signal transmission of the ab-
sorber, Is is the saturation intensity density.
The small signal transmission T0 can be measured by a spec-
trometer and inserted in the equation while the saturation density
Is is evaluated by approximation of the measured data (T, I). On the
basis of Is the ground-state absorption cross section rGSA can be cal-
culated using the expressions:
in case of two level quantum model:
rGSA ¼ hm2sf Is ð2Þ
in case of three level quantum model:
rGSA ¼ hmsf Is ð3Þ
where h is the Planck’s constant and m is the frequency of the elec-
tromagnetic ﬁeld.
The concentration of active ions N0 can be determined by the
equation [5]:
N0 ¼  lnðT0ÞrGSA  d ð4Þ
where d is the thickness of the saturable absorber.
The unsaturable losses a can be estimated from the absorption
spectra in a spectral region close to but outside the laser wave-
length using the following formula:
a ¼  lnðTkÞ
d
ð5Þ
where Tk is the transmission of the saturable absorber close to but
outside the laser wavelength.
For this model we can also evaluate the excited state absorption
cross section rESA which can be estimated by the equation [5]:
rESA ¼ lnð1 ðTk  TsÞÞln T0  rGSA ð6Þ
where Ts is the saturated transmission of the saturable absorber
(transmission at very high power density).
2.2. Frantz–Nodvik (F–N) model
If the investigated saturable absorber is a slow absorber (relax-
ation time is much longer than the pulse duration of the incident
laser beam sf  si) and there is no excited state absorption the
relationship between transmission and energy density of incident
radiation can be described by Frantz–Nodvik equation [24]:T ¼ ES
E
ln 1þ exp E
ES
 
 1
 
 T0
 
ð7Þ
where E is the energy density of the incident radiation and ES is the
saturation energy density which can be expressed by the following
formulas:
in case of two level quantum model:
ES ¼ hm2rGSA : ð8Þ
in case of three level quantum model:
ES ¼ hmrGSA ð9Þ
As in the previous model the small signal transmission T0 can be
measured by spectrometer and inserted in the equation while sat-
uration energy density ES is evaluated by approximation of the
measured data (T, E). On the basis of ES ground-state absorption
cross section rGSA can be calculated using the expressions 8 or 9.
The concentration of active ions N0, the unsaturable losses a and
the excited state absorption cross section rESA can be determined
by Eqs. (4)–(6) respectively.
2.3. Avizonis–Grotbeck (A–G) model
If the investigated saturable absorber is characterized by the ex-
cited state absorption the evolution of the energy density E(z) of
incident radiation inside saturable absorber can be described by
the differential equation [25]:
dEðzÞ
dz
¼ hmN0 1 rESArGSA
 
1 exp rGSAEðzÞ
hm
  
þ rESAEðzÞ
hm
 
 aEðzÞ
ð10Þ
Using this equation it is possible to evaluate rGSA,rESA,N0 and a at
the same time by ﬁtting the measured data of T and E. This can
be done by non-linear optimization procedure. Moreover some of
the parameters can be inserted into this equation as a ﬁxed value.
A good example is a that can be measured by a spectrometer with
high accuracy. The Avizonis–Grotback model seems to be the most
useful of all the models which was conﬁrmed by many articles
[19,26,27].3. Experimental
Three types of q-switching saturable absorbers Cr4+:YAG,
V3+:YAG and Co2+:YAG were investigated. The parameters of the
samples are presented in Table 1. Cr4+:YAG was examined at the
wavelength 1064 nm while V3+:YAG and Co2+:YAG at the wave-
length 1332 nm. The samples were polished but they were not
coated. Thus to apply any of the above described models multiple
reﬂection inside the samples have to be taken into account. Before
measuring the saturation of the absorbers the small signal trans-
mission spectra were measured. T0 and Tk were calculated from
T0m and Tkm which are the small signal transmission measured by
the spectrometer at the investigated wavelength and small the sig-
nal transmission in the region close to but outside the investigated
wavelength (2000 nm), respectively. Moreover for each of the sam-
ples refractive index was measured.
Investigations of saturation of the absorbers were carried out
using the experimental setup shown in Fig. 1. As a sources of radi-
ation two solid-state lasers were used generating at 1064 nm and
1332 nm. The lasers operated in active gain modulation mode
and generated laser pulses of 4 ns length at half-height with repe-
tition rate 10 Hz. The lasers beams were linearly polarized and
characterized by Gaussian distribution. The waist diameters of
Table 1
List of investigated q-switching saturable absorbers and their parameters.
Sample Thickness d (mm) Refractive index n T0m (%) (measured by spectrometer) Tkm (%) at 2000 nm (measured by spectrometer)
at 1064 nm at 1332 nm at 1064 nm at 1332 nm
Cr4+:YAG 1.55 1.815 57.0 82.5
V3+:YAG 2.99 1.810 56.8 80.9
Co2+:YAG 1.09 1.810 43.7 79.7
Fig. 1. Experimental setup for investigation of absorber saturation ME – radiom-
eter, DP – energy probe, F – ﬁlter, L1 and L2 – lenses, D – diaphragm, SA – saturable
absorber, LBA – laser beam analyzer, KA – camera.
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are shown in Table 2.
To avoid any uncertainty connected with the laser power ﬂuc-
tuation a plate with 50% transmission and 50% reﬂection was used
to measure energy of the same pulse before and after the sample.
During the investigation the saturable absorbers were placed at the
beam waist. To change the energy density ﬁlters with different
transmission were used. The laser beam diameter on the surface
of the saturable absorber was measured by a laser beam analyzer.
From the measured beam parameters a local energy density was
calculated. The transmission of the investigated saturable absorb-
ers was calculated as a ratio of the transmitted energy to the inci-
dent energy. The transmitted as well as incident energy was
estimated as an average from 100 repeated measurements. On
the basis of the measured transmission the real transmission was
calculated taking into consideration multiple reﬂections inside
the samples.4. Results and discussion
Using the method presented in Section 3 saturation of the
absorbers was measured. The saturable absorber Cr4+:YAG was
investigated at wavelength 1064 nm while the saturable absorbers
V3+:YAG and Co2+:YAG were investigated at wavelength 1332 nm.
Because of the laser beam polarization the samples were posi-
tioned so that the transmission was maximal by rotating the crys-
tals around their axes. The transmission of the absorbers versus the
incident energy density and the small signal transmission T0 were
calculated taking into consideration multiple reﬂections inside the
samples. They are shown in Fig. 2.
These results were ﬁtted using the models described in Section
2. For this purpose a special software was developed in MATLAB
environment. The method of approximation used here was based
on ﬁnding the minimum of function applying downhill simplexTable 2
Laser beam parameters.
Wavelength (nm) Repetition rate (Hz) Pulse length (ns) Pulse ene
1064 10 4 5.50
1332 10 4 4.10method [28]. The function considered here was the maximum sin-
gular value of the matrix deﬁned as the difference between the
measured transmission and the transmission being calculated dur-
ing the approximation.
The saturable absorbers Cr4+:YAG and V3+:YAG were analysed
using F–N model because they are slow absorbers. The relaxation
time of Cr4+:YAG is 3.8 ls [5] and of V3+:YAG is 22 ns [29] which
is longer than the pulse duration of the incident laser beam 4 ns.
It was assumed that these absorbers are characterized by three le-
vel quantum model [5]. The saturable absorber Co2+:YAG was ana-
lysed using L-W model because it is a fast absorber with relaxation
time 1 ns [30]. Here it was also assumed that this absorber is char-
acterized by three level quantum model [9]. Using F–N and L-W
models it was assumed that there is no excited state absorption
(ESA) in the absorbers [19]. However many papers proves the exis-
tence of ESA [5,15] so the absorbers were also analysed by A–G
model. The results of the analysis are summarized in Table 3. The
symbol NA means that the parameter was not assumed but calcu-
lated during the analysis. The hyphen means that the parameter
was not taken into consideration during the analysis as a result
of the model that was used.
F–N and L-W models does not seem to be appropriate because
during approximation they do not take into account dissipative
losses which is not physical because they surely exist. Analysing
the results achieved by A–G model one can notice that for analysis
marked as 1b, 2b, 3b dissipative losses pursue zero while at the
same time rESA reaches very high value. These results does not
seem to be good because a cannot be equal to zero. On the other
hand if we assume that there is no exited state absorption (analysis
1c, 2c and 3c) a achieves much higher values than calculated on
the basis of measurements curried out using a spectrometer
(Eq. (5)). Assuming that rESA and N0 are equal to the values calcu-
lated by F–N or L-W model (analysis 1d, 1e, 2d, 2e, 3d, 3e) is not
good because the calculations take into account rGSA which in turn
was calculated assuming a equal zero (Eqs. (4) and (6)). Thus the
analysis by A–G model with the assumption of a calculated from
the absorption spectra in a spectral region close to but outside
the laser wavelength (Eq. (5)) and allowing for a possibility that
there is excited state absorption seems to be the most appropriate
way of approximating the measured data (analysis 1f, 2f, 3f). The
results of this analysis were intentionally highlighted in Table 3.
Calculating a in this way is much more accurate then evaluating
it by approximation. The approximations of the measured data of
saturation for the highlighted model are presented in Fig. 3. To
illustrate that this model best ﬁts the experimental data approxi-
mations by F–N and L-W models are also presented. In case of
Cr:YAG and V:YAG the difference between the models is very clear
while in case of Co:YAG the visible difference appears for higher
energy density.rgy (mJ) Waist diameter (mm) Beam quality M2 Polarization
1 1.25 Linear
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Fig. 2. The measured data of saturation of the absorbers versus the incident energy density taking into consideration multiple reﬂections inside the samples.
Table 3
Results of approximation of the measured data by different models.
Sample Model Analysis Input parameters Calculated parameters
n d
(mm)
T0m
(%)
Tkm
(%)
rESA  1018
(cm2)
a (1/
cm)
N0  1018
(cm3)
rGSA  1018
(cm2)
rESA  1018
(cm2)
a (1/
cm)
N0  1018
(cm3)
C4+:YAG F–N 1a 1.815 1.55 57.0 82.5 NA NA NA 1.060 0.114 0.154 2.368
A–G 1b 1.815 1.55 – – NA NA NA 2.029 0.352 0.000 1.323
1c 1.815 1.55 – – 0 NA NA 2.029 – 0.467 1.094
1d 1.815 1.55 – – 0.114 0.154 NA 1.577 – – 1.542
1e 1.815 1.55 – – 0.114 0.154 2.368 0.864 – – –
1f 1.815 1.55 – – NA 0.154 NA 2.029 0.251 – 1.248
V3+:YAG F–N 2a 1.810 2.99 56.8 80.9 NA NA NA 0.506 0.083 0.150 2.617
A–G 2b 1.810 2.99 – – NA NA NA 1.297 0.336 0.001 1.055
2c 1.810 2.99 – – 0 NA NA 1.297 – 0.355 0.781
2d 1.810 2.99 – – 0.083 0.150 NA 0.818 – – 1.359
2e 1.810 2.99 – – 0.083 0.150 2.617 0.314 – – –
2f 1.810 2.99 – – NA 0.150 NA 1.297 0.219 – 0.940
Co2+:YAG L-W 3a 1.810 1.09 43.7 79.7 NA NA NA 0.620 0.119 0.546 9.729
A–G 3b 1.810 1.09 – – NA NA NA 0.334 0.046 0.000 18.224
3c 1.810 1.09 – – 0 NA NA 0.334 – 0.832 15.710
3d 1.810 1.09 – – 0.119 0.546 NA 0.662 – – 9.437
3e 1.810 1.09 – – 0.119 0.546 9.729 0.629 – – –
3f 1.810 1.09 – – NA 0.546 NA 0.334 0.017 – 16.568
Fig. 3. Approximations of the measured data by A–G model (analysis 1f, 2f and 3f) and F–N and L-W models.
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most 20 times smaller then rGSA) may suggest that there is indeed
no exited state absorption in this absorber.
Moreover comparing themost importantparameterrGSAwith re-
sults obtained by other authors (2.11  1018–4.60  1018 cm2 [5],
2.25  1018–3.49  1018 cm2 [15] for Cr4+:YAG, 1.4  1018–
2.2  1018 cm2 for V3+:YAG [5]) it seems that the suggested model
is the most accurate. Also the other principal parameters are in
accordancewith the results presented in thementionedpapers (rESA
was calculated to be 0.167  1018–1.120  1018 cm2 [5] and
0.337  1018–0.872  1018 cm2 [15] for Cr4+:YAG and
0.200  1018–0.550  1018 cm2 [5] for V3+:YAG).
As there is a difﬁculty to ﬁnd any data concerning parameters of
Co2+:YAG saturable absorber at wavelength 1.33 lm the results ob-
tained herein may serve laser designers as a reference.Because the calculation of a strongly depends on the accuracy of
determining Tkm and d the impact of the accurate determination of
values of the input parameters on the calculated parameters of sat-
urable absorbers was analysed. The input parameters were chan-
ged with a small step in a short range around the real value of a
speciﬁc parameter and the analysis was repeated. The steps of
the input parameters were chosen to be the accuracy of their eval-
uation. Thus for Tkm and T0m the step was 0.2% which was the accu-
racy of measuring the transmission by the spectrometer used for
this measurements, for n the step was 0.005 which was the accu-
racy of determining this parameter and for d the step was
0.01 mm which is the accuracy of measurement of most vernier
calliper gauge. In Table 4 the accuracy of calculated parameters
as a percentage change are presented. The symbol NC means that
the input parameter was not changed but its value was taken from
Table 4
Accuracy of calculated parameters.
Sample Model The change of input parameters Calculated parameters
n d (mm) T0 (%) Tkm (%) rESA  1018 (cm2) a (1/cm) rGSA (%) rESA (%) a (%) N0 (%)
Cr4+:YAG F–N NC NC NC +0.2 – – NI +6.14 10.39 NI
+0.005 NC NC NC – – +0.75 +2.63 6.49 1.14
NC +0.01 NC NC – – NI NI NI 0.63
NC NC +0.2 NC – – 1.70 +0.88 NI +0.80
A–G +0.005 NC – – NA 0.154 0.05 2.79 – 0.32
NC +0.01 – – NA 0.154 NI 0.40 – 0.77
V3+:YAG F–N NC NC NC +0.2 – – NI +3.61 5.33 NI
+0.005 NC NC NC – – +0.79 +1.20 3.33 1.22
NC +0.01 NC NC – – NI NI NI 0.34
NC NC +0.2 NC – – 1.97 NI NI +0.96
A–G +0.005 NC – – NA 0.150 0.08 2.28 – 0.42
NC +0.01 – – NA 0.150 NI 0.46 – 0.42
Co2+:YAG L-W NC NC NC +0.2 – – NI +1.68 4.21 NI
+0.005 NC NC NC – – +0.32 +0.84 2.38 0.67
NC +0.01 NC NC – – NI NI 0.92 0.90
NC NC +0.2 NC – – 1.61 0.84 NI +0.84
A–G +0.005 NC – – NA 0.546 NI 5.88 – 0.20
NC +0.01 – – NA 0.546 NI NI – 1.00
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not inﬂuenced by the change of the input parameter. The
signs + and  designate weather the value of the calculated param-
eters increases or decreases with the increase of the input param-
eter by assumed step. Thus when we take into account Cr4+:YAG
saturable absorber analysed by F–N model when only n was chan-
ged we can see that the increase of n by 0.005 results in the de-
crease N0 and a by 1.14% and 6.49% while at the same time rGSA
and rESA increase by 0.75% and 2.63% respectively.
In case of F–N and L-Wmodels the strongest impact of the accu-
racy of the input parameters is on a and rESA. In other cases the
inﬂuence is very weak and in most cases is below 1%. For the high-
lighted models which were stated to be the most appropriate for
analysis the strongest inﬂuence is on rESA while the weakest is
on rGSA which is below 0.1%.
In this case applying the method of approximation suggested
herein relatively big attention should be paid to the accuracy of
determining a. If this condition is fulﬁlled the method seems to
be good enough to calculated the principal parameters of saturable
absorbers.5. Conclusion
On the basis of different models used to ﬁt the measured data of
saturation comparative analysis of q-switching saturable absorbers
was carried out. It was stated that the A–G model is the most accu-
rate. It is also reasonable to calculate a from the absorption spectra
in a spectral region close to but outside the laser wavelength be-
fore doing the analysis. Moreover in case of Cr4+:YAG and
V3+:YAG the assumption that there is excited state absorption
should be applied to the model. In case of Co2+:YAG the exited state
absorption does not seem to exist which is in accordance with the
statements presented in paper [19].
Additionally the impact of the accurate determination of the in-
put data such as the transmission, the thickness and the refractive
index on the calculated principal parameters of q-switching satu-
rable absorbers was analysed. Applying the method of approxima-
tion suggested herein relatively big attention should be paid to the
accuracy of determining a. If this condition is fulﬁlled the method
seems to be good enough to calculated the principal parameters of
q-switching saturable absorbers.
Moreover a sample of Co2+:YAG saturable absorber was investi-
gated at 1.33 lm supplementing the world literature in this ﬁeld.The results of the investigations can be used as a reference of
the principal parameters of q-switching saturable absorbers by la-
ser designers as well as an indication of how accurate the input
parameters used for analysis should be so as to evaluate the prin-
cipal parameters with enough accuracy.Acknowledgement
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